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Abstract
Canine bestrophinopathy (cBest) is an important translational model for BEST1-associated
maculopathies in man that recapitulates the broad spectrum of clinical and molecular disease aspects
observed in patients. Both human and canine bestrophinopathies are characterized by focal to multifocal
separations of the retina from the RPE. The lesions can be macular or extramacular, and the specific
pathomechanism leading to formation of these lesions remains unclear. We used the naturally occurring
canine BEST1 model to examine factors that underlie formation of vitelliform lesions and addressed the
susceptibility of the macula to its primary detachment in BEST1-linked maculopathies.
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Canine bestrophinopathy (cBest) is an important translational model for BEST1-associated
maculopathies in man that recapitulates the broad spectrum of clinical and molecular disease
aspects observed in patients. Both human and canine bestrophinopathies are characterized by focal
to multifocal separations of the retina from the RPE. The lesions can be macular or extramacular,
and the specific pathomechanism leading to formation of these lesions remains unclear. We used
the naturally occurring canine BEST1 model to examine factors that underlie formation of
vitelliform lesions and addressed the susceptibility of the macula to its primary detachment in
BEST1-linked maculopathies.
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38.1 Introduction
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Bestrophinopathies are caused by mutations in the BEST1 gene expressed in the retinal
pigment epithelium (RPE) (Petrukhin et al. 1998; Marmorstein et al. 2000). Among this
group of disorders, Best vitelliform macular dystrophy (BVMD) and autosomal recessive
bestrophinopathy (ARB) are the most common and best studied juvenile macular
dystrophies, characterized by an excessive accumulation of lipofuscin within RPE, reduction
in the electrooculogram (EOG) light peak, and formation of bilateral macular to multifocal
subretinal lesions (Boon et al. 2009). Despite extensive research, the pathological
mechanism of BEST1 still remains elusive, and factors leading to formation of macular
lesions are largely unexplored. We used the spontaneous dog Best disease model, canine
bestrophinopathy (cBest) (a.k.a. canine multifocal retinopathy, cmr) (Guziewicz et al. 2007;
Zangerl et al. 2010), to study the architecture of the RPE-photoreceptor interface and define
factors that promote development of vitelliform lesions.

38.2 Materials and Methods
38.2.1 Study Animals and Ethics Statement
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cBest-affected and control dogs were genotyped and ophthalmoscopically examined, and
ocular tissue was collected and processed as previously described (Guziewicz et al. 2007;
Beltran et al. 2014). The studies were carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the NIH and
in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. The protocols were approved by the Institutional Animal Care and Use
Committee of the University of Pennsylvania (IACUC Protocol #s 801870, 803422). Adult
dogs (age 1–3 years) after disease onset and young (aged 6wks) before development of
clinical phenotype were selected for histological and immunohistochemical (IHC) analyses.
38.2.2 Histological and IHC Assessments
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Retinal structure was examined in 10-μm-thick cryosections by H&E staining and IHC using
a set of RPE- and photoreceptor-specific markers: 1/400 mouse anti-Best1 (ab2182), 1/400
mouse anti-EZR (ab4069), 1/500 rabbit anti-MCT1 (courtesy of N. Philp, Thomas Jefferson
University), 1/500 rabbit anti-E2F1 (sc-193) or 1/10,000 rabbit anti-hCAR (courtesy of C.
Craft, USC), and PNA (L-32458). Slides were evaluated with transmitted light microscopy,
epifluorescence, and confocal laser scanning microscopy. All ex vivo analyses were carried
out in comparison to the age-matched control eyes.
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38.3 Results
38.3.1 Molecular Pathology of the RPE-Photoreceptor Interface in cBest
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IHC evaluation of cBest retinae (age 1–3 years) revealed an abnormal RPE-photoreceptor
interface with an apparent loss of cone-ensheathing RPE apical processes and compromised
cone-associated insoluble interphotoreceptor matrix (IPM) (Fig. 38.1). Specific
immunostaining against MCT1 (UniProt#P53985) was present in both the normal control
and mutant retinae, but in the latter the labeling was limited to the RPE apical surface, but
not along apical extensions (Fig. 38.1b). Further analysis with an alternative marker, E2F1
(UniProt#Q01094), confirmed these results in cBest (Fig. 38.1d) and exposed a bilayered
extracellular compartmentalization of the cone-specific escheatment responsible for a
normal apposition of RPE-cone OS (Fig. 38.1c, inset). This well-defined extracellular
structure was lost in the affected retinae, revealing a dearth of the intrinsic RPE-associated
apical microvillus layer accompanied by a fragmented external insoluble cone-specific
matrix domain (Fig. 38.1d, inset). As a result cone OS stripped of their protective sheaths
appeared undermined with no direct contact with the underlying RPE (Fig. 38.1d).
38.3.2 Underdeveloped RPE Apical Domain Promotes Retinal Detachment in cBest

Author Manuscript

Comparable studies on the RPE-photoreceptor interface were performed in 6-week- old
retinae, at the time when the canine retina completes its development (Acland and Aguirre
1987) (Fig. 38.2). Immunolabeling with MCT1 and Ezrin (UniProt#P15311) exposed
underdeveloped RPE apical domain in the young cBest retina, with only a few longer RPE
microvilli and a highly disorganized distribution of Ezrin (Fig. 38.2a–d). In comparison to
the age-matched controls, the 6-wk-old cBest retina showed diminished expression of Ezrin
at the RPE apical surface, accompanied by an increase of Ezrin-positive signals associated
with microvilli of Müller cells (Fig. 38.2d). Although the young cBest retinae appeared
histologically intact, cone photoreceptor outer segments (hCAR) appeared compromised,
further suggesting perturbations in the homeostatic mechanism of subretinal space in
bestrophinopathies.

38.4 Discussion
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We have previously shown that canine bestrophinopathy (cBest or cmr) serves as an
important translational model for BEST1-associated maculopathies in man, as it
recapitulates all fundamental aspects of human disease, including the salient predilection of
subretinal lesions to the canine macular region (Guziewicz et al. 2007; Beltran et al. 2014;
Singh et al. 2015). In this study, cBest model proved instrumental for defining the early
structural alterations at the RPE-photoreceptor interface, which may explain the
susceptibility of the macula to its primary detachment in BEST1-associated maculopathies.
Apical microvilli, an integral structure of RPE cells, are essential for mediating basic RPE
functions, including daily phagocytosis of OS and transport of nutrients into and removal of
byproducts from the photoreceptor cells (Bonilha et al. 2004, 2006). It is important to note
that these RPE projections greatly increase the apical surface area and, consequently, the
transport of signaling molecules it contains, thereby enhancing the epithelial functional
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capacity (Bonilha et al. 2004). Thus, it is very likely that most of the major hallmarks of
bestrophinopathies, e.g., disrupted ion transport, impaired phagocytosis, abnormal
accumulation of autofluorescent debris in the subretinal space, and finally RPE-neuroretinal
detachment and formation of serous lesions (Boon et al. 2009; Singh et al. 2015), arise
directly from the dearth of properly formed microvilli and impaired interaction/adhesiveness
with OS. The report by Bonilha et al. provided strong evidence that Ezrin is a major
determinant in the maturation of surface differentiations of RPE, promoting morphogenesis
of apical microvilli (Bonilha et al. 1999). Our findings in the canine BEST1 model support
these results and strongly suggest that underdevelopment of cone-associated apical
projections constitutes a key factor that underlies formation of macular lesions in
bestrophinopathies. The fact that these prominent structural alterations associated with cone
ensheathment are observed in cBest dogs as early as 6 weeks of age would also explain the
early onset of ARB and BVMD along with the predilection of the cone-packed macular
region to its primary detachment in affected dogs and patients.
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As evinced by numerous studies, IPM is critical for maintaining the homeostatic milieu of
the subretinal space, serving a range of biochemical and physical functions; these include
the regulation of oxygen, nutrients, and retinoid transport, preservation of retinal adhesion
by providing electrostatic support for photoreceptors, and participating in cytoskeletal
organization in the surrounding cells (Ishikawa et al. 2015). Thus, together with the impaired
microvillar ensheathment, the compromised IPM accounts for the two major pathological
culprits responsible for weakening of the RPE-neuroretina interactions in
bestrophinopathies. We posit that these salient interface defects may also be responsible for
the difference in photoreceptor equivalent thickness found in BVMD patients (Kay et al.
2012) and the abnormal EOG and Arden ratio in bestrophinopathy patients. As such, this
study provides new critical insights into the molecular basis of bestrophinopathies that
would assist in the development of outcome measures for assessing therapeutic strategies in
ARB and BVMD patients.
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Fig. 38.1.
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Abnormal RPE-photoreceptor interface in canine bestrophinopathies (a, b) Representative
images of anti-MCT1 (monocarboxylate transporter 1) and anti-Best1 double- labeling in 2yr-old cBest1-R25X/P463fs-affected retina (b) vs age-matched wild-type control (a). Note
the absence of Best1 basolateral labeling and lack of MCT1-positive apical RPE
microvillous (MV) extensions in the mutant retina (b). (c, d) Direct comparison of
multilabeled (hCAR human cone arrestin, E2F1 transcription factor 1, PNA peanut
agglutinin lectin) confocal photomicrographs showing the absence of E2F1-positive coneassociated RPE microvilli (d) when compared to the wild-type control (c, inset, red arrow)
and compromised insoluble interphotoreceptor matrix domain (insets, blue arrow) in the
mutant retina (d). Cone outer segments (insets, green arrows) appeared disordered (d) in
comparison to the control tissue (c). Scale bars: 10 μm (a–d) and 1 μm (insets)
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Fig. 38.2.
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Underdeveloped RPE apical domain promotes formation of subretinal lesions in
bestrophinopathies. Immunohistochemical evaluation of 6-week-old wild-type (a, c, e) and
cBest1-R25X/P463fs-affected (b, d, f) retinae revealed underdevelopment of RPE apical
domain of cBest-mutant retina, demonstrated by anti-MCT1 (a, b), and anti-Ezrin (c, d)
labeling. Note the absence of Best1 basolateral labeling (b), reduced Ezrin immunostaining
at the RPE apical surface with only a few Ezrin-positive RPE processes (d, arrows), and a
increase of Ezrin labeling associated with microvilli of Müller cells (d). Cone outer
segments (green) appear compromised (f, hCAR) when compared to the wild-type retina (e).
Scale bar: 20 μm applies to all panels
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